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Abstract
We discuss the prospects for a progress to be brought by ASTRO-H in the understanding of the physics
of particle acceleration in astrophysical environments. Particular emphasis will be put on the synergy with
γ-ray astronomy, in the context of the rapid developments of recent years. Selected topics include: shock
acceleration in supernova remnants (SNRs) and in clusters of galaxies, and the extreme particle acceleration
seen in gamma-ray binaries. Since the hydrodynamics and thermal properties of shocks in these objects are
covered in other white papers, we focus on the aspects related to the process of particle acceleration. In
the case of SNRs, we emphasize the importance of SXS and HXI observations of the X-ray emission of
young SNRs dominated by synchrotron radiation, particularly SNR RX J1713.7−3946. We argue that the
HXI observations of young SNRs, as a byproduct of SXS observations dedicated for studies of the shock
dynamics and nucleosynthesis, will provide powerful constraints on shock acceleration theories. Also, we
discuss gamma-ray binary systems, where extreme particle acceleration is inferred regardless of the nature
(a neutron star or a black hole) of the compact object. Finally, for galaxy clusters, we propose searches for
hard X-ray emission of secondary electrons from interactions of ultra-high energy cosmic rays accelerated
at accretion shocks. This should allow us to understand the contribution of galaxy clusters to the flux of
cosmic rays above 1018 eV.
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1 Shock acceleration in supernova remnants
1.1 Introduction
The importance of studying the nonthermal phenomena in SNRs lies in the facts that: (1) SNRs are widely
believed to be the primary sources of galactic cosmic rays (GCRs) up to the so-called “knee” around 1 PeV;
and (2) young SNRs are perfect laboratories to study particle acceleration and magnetic field amplification in
strong nonlinear shocks. Specifically, one can learn about diffusive shock acceleration (DSA; e.g., Malkov and
Drury, 2001), which has wide applications in astrophysics. Synchrotron X-ray emission produced by multi-
TeV electrons accelerated at SNR shock fronts are synergetic with very high energy (VHE) γ-rays (Takahashi,
Uchiyama, Stawarz, 2013). It follows, in particular, from correlations between X-ray and TeV γ-ray spatial
distributions in the young SNR RX J1713.7−3946 (Aharonian et al., 2004, 2007). Aparently, many issues
relevant to the X-ray domain are tightly coupled with γ-ray studies of SNRs. In what follows, we briefly
describe the key questions to be addressed by ASTRO-H.
1.1.1 Key question 1: Acceleration efficiency
The efficiency of acceleration concerns both the fraction of the energy transferred to nonthermal particles, and
the maximum energy achievable in the acceleration process. Here we discuss the former, and the latter in the
next section.
While DSA theory does not firmly predict the acceleration efficiency because of poor understanding of the
microphysics of injection processes, it is generally believed to be very efficient particularly at young SNR
shocks. Recently, numerical kinetic simulations, which adopt the so-called hybrid “kinetic ions and fluid elec-
trons” approach (Gargate et al., 2007), have shown that 10–20% of the bulk kinetic energy of parallel and
quasi-parallel strong shocks can be transferred to CR ion energies (Caprioli and Spitkovsky, 2013). Since fully
kinetic particle-in-cell simulations are computationally too demanding for current computer capabilities, the
problem of the acceleration efficiency will possibly be solved from first principles only in future.
Measuring the acceleration efficiency at SNR shocks is a key issue for understanding DSA. (Hereafter we
consider only acceleration of CR protons and electrons for simplicity.) Most shock acceleration theories pre-
sume that strong shocks place far more energy in protons than electrons, and the amount of shock-accelerated
CR protons determines the overall efficiency of shock-acceleration. Recently, the characteristic spectral feature
of the pi0-decay γ-rays resulting from inelastic pp collisions has been detected in middle-aged SNRs interacting
with molecular clouds (Ackermann et al., 2013). The γ-ray spectroscopy provides direct evidence for proton
acceleration in SNRs, making it possible to measure, in principle, the acceleration efficiency.
Also, recent Fermi observations of Cas A, the second youngest SNR in the Galaxy known to date, indicate
that the GeV γ-ray spectrum is of hadronic origin (Yuan et al., 2013; Zirakashvili et al., 2014). The GeV γ-ray
emission in Tycho’s SNR was shown to be reconcilable only with the hadronic model (Giordano et al., 2012;
Morlino and Caprioli, 2012). The total CR contents in Cas A and Tycho are estimated as WCR ∼ 1050 erg using
the γ-ray fluxes together with the multiwavelength data. The acceleration efficiency is therefore of the order of
∼ 10% in agreement with the SNR paradigm of the CR origin.
Generally, X-ray line measurements are indispensable for quantifying the acceleration efficiency. The γ-
ray luminosity scales as ∝ nWCR, where n is the mean gas density of the γ-ray-emitting zone. The shock
downstream of a young SNR emits thermal X-rays, and their detections can be used to infer the gas density n.
ASTRO-H will be able to inform us about the acceleration efficiency in this way. In Section 1.2, we discuss the
search for thermal X-ray lines from synchrotron-dominated SNRs.
If shock acceleration is efficient enough, the shock dynamics can be significantly modified by the pressure of
accelerated CRs, resulting in a “CR-modified shock”. In this regime, shock heating of the downstream plasma is
expected to be reduced, since a sizable fraction of shock energy is channeled into nonthermal particles (Drury et
al., 2009). Chandra observations of 1E 0102.2−7219, a young SNR in the Small Magellanic Cloud, were used
to demonstrate that the postshock ion temperature is indeed lower than the temperature that would be predicted
without invoking efficient CR acceleration (Hughes, Rakowski, Decourchelle, 2000). Direct measurement of
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the postshock ion temperature with ASTRO-H will offer a key test for realization of “CR-modified shock”.
1.1.2 Key question 2: Maximum energy achievable at SNR shocks
If SNRs are responsible for the bulk of GCRs, they should be capable of accelerating particles up to ∼ 1015 eV.
To test the hypothesis that the SNRs are the sources of GCRs, one must measure the maximum acceleration
energy achievable at SNR shocks. X-rays, so far, are the most suitable energy range to probe accelerated
particles near the maximum acceleration energies. In principle, TeV γ-rays can tell us the same information.
However, current TeV data cannot reveal a clear signature of a spectral cutoff except for the brightest case,
RX J1713.7−3946. Moreover, if TeV emission is due to inverse Compton (IC) scattering of relativistic elec-
trons, cutoff energies can be determined by the Klein-Nishina suppression rather than due to a steepening of
the parent electron spectra.
The diffusion coefficient D(E), which should be the same for electrons and protons, is necessary for calcu-
lating the energy dependent acceleration rate and the maximum attainable energies within the DSA theory. The
shape of the energy spectrum of the accelerated electrons in the cutoff region depends only on D(E), provided
that the acceleration proceeds in the synchrotron dominated regime, where synchrotron cooling dominates over
escape (Zirakashvili and Aharonian, 2007). Therefore, the wide band coverage of ASTRO-H offers an inter-
esting opportunity to probe D(E) through the precise measurement of the spectral shape of synchrotron X-ray
emission produced by accelerated electrons.
1.1.3 Key question 3: Magnetic field amplification
Magnetic field amplification (MFA), where the ambient magnetic fields are enhanced at a shock by a factor
much larger than simple shock compression, is now widely accepted as the key ingredient of nonlinear DSA
theory (e.g, Bykov, Ellison, Renaud, 2012). MFA is thought to be driven by accelerated CRs via plasma insta-
bilities. It has been proposed that diffusive CR current can non-resonantly excite strong magnetic turbulence in
the precursor of a SNR shock (Bell, 2004). MFA is likely coupled with the acceleration efficiency because it
would be driven by CR-induced instabilities.
High angular resolution observations of young SNRs with Chandra have revealed the presence of synchrotron
filaments in young SNRs (Vink and Laming, 2003; Uchiyama, Aharonian, Takahashi, 2003; Bamba et al., 2003,
2005). The magnetic field strength is estimated as ∼ 0.1 mG assuming that the filament widths are determined
by rapid synchrotron cooling in the postshock region (Vo¨lk, Berezhko, Ksenofontov, 2005). This indicates that
shocks in young SNRs are able to amplify the interstellar magnetic field by large factors.
An alternative explanation for the narrowness of the filaments is a fast magnetic field damping behind a
shock (Pohl, Yan, Lazarian, 2005). This scenario also implies similarly strong magnetic fields at shock fronts.
Evidence for the amplified magnetic field comes also from the year-scale time variability of synchrotron X-ray
filaments (Uchiyama et al., 2007; Uchiyama and Aharonian, 2008). If the variability timescale represents the
synchrotron cooling time, the local magnetic field strength can be estimated to be as large as ∼ 1 mG. On
the other hand, if the variability is due to intermittent turbulent magnetic fields (Bykov et al., 2009), the time
variability can be reconciled with a weaker magnetic field (∼ 0.1 mG or less). A deep Chandra map of Tycho’s
SNR has revealed an interesting spatial feature, “stripes”, of synchrotron X-ray emission, which may be taken
as signatures of MFA and associated acceleration of CR protons and nuclei up to ∼ 1015 eV (Eriksen et al.,
2011).
Unfortunately, the angular resolution of ASTRO-H will not be sufficient to resolve the synchrotron filaments.
On the other hand, if the distribution of magnetic field strength in the synchrotron filaments contain a component
of magnetic fields stronger than the average field, they would be particularly bright in hard X-rays. The hard
X-ray measurement with ASTRO-H may shed new light on the problem of MFA in young SNRs.
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1.2 Thermal X-ray emission from synchrotron-dominated SNRs
SNRs RX J1713.7−3946 and RX J0852.0−4622 (a.k.a. Vela Jr.) draw keen attention as cosmic-ray accelerators.
The two young SNRs emit particularly bright synchrotron X-rays and TeV γ-rays. Peculiar characteristics of
these SNRs are that their X-ray spectra are totally dominated by nonthermal components and no sign of thermal
emission is found so far (Slane et al., 1999; Tanaka et al., 2008). While the γ-ray emission of most (if not all)
SNRs measured with the Fermi satellite is widely interpreted as being due to the decay of pi-mesons, the well-
studied SNR RX J1713.7−3946, and also Vela Jr., are still matter of active debate (Zirakashvili and Aharonian,
2010; Ellison et al., 2012; Fukui et al., 2012). Settling the dominant γ-ray emission mechanism in synchrotron-
dominated SNRs leads to answer fundamental properties of the underlying particle acceleration mechanism,
and the key questions discussed in Section 1.1.
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Figure 1: (Left) Suzaku image (1–5 keV) of SNR RX J1713.7−3946 (Sano et al., 2013), where the X-ray emission is completely
dominated by synchrotron radiation. (Right) A predicted X-ray spectrum of SNR RX J1713.7−3946 and the measured X-ray spectrum
with Suzaku. The prediction shown in this plot is Model I of Lee, Ellison, Nagataki (2012) (private communication with S.-H. Lee).
If one considers pi0-decay as the emission mechanism, a key parameter is the target gas density, since the flux
of pi0-decay γ-rays is determined through convolution of the target gas density and the CR proton density. One
way of estimating the gas density is to measure thermal X-ray emissions. The density of shock-heated gas can
be calculated from the volume emission measure (EM ≡ ∫ nenHdV) of the thermal component. Under a simple
assumption that the shell is expanding into uniform gas (Ellison et al., 2010), the upper limit on EM set by
Suzaku suggests that IC scattering should be the major mechanism for the γ-rays1. Thermal X-rays, if detected,
provide more direct information about the emission mechanisms for γ-rays.
The ASTRO-H SXS will allow sensitive searches for weak thermal emission in synchrotron-dominated SNRs.
The ASTRO-H White Paper on Young SNRs addresses this issue. The scientific goals include elucidating the
origin of the γ-ray emission, and thereby estimating the fraction of the explosion energy released in acceler-
ated particles through non-linear shocks. If the thermal X-ray lines were measured, the electron temperature
determined from line diagnostics could be used to infer the fraction of shock energy consumed for heating
postshock plasma under some assumption about electron heating. It has been shown for some young SNRs
that electron temperature (Hughes, Rakowski, Decourchelle, 2000) or ion temperature (Helder et al., 2009) is
lower than what is predicted from the Rankine-Huguniot relation. These would be taken as evidence of “CR-
modified shock”, where a significant amount of the shock energy is poured into cosmic-ray acceleration. It is
of interest to investigate whether reduced shock-heating can be seen in synchrotron-dominated SNRs such as
RX J1713.7−3946 and Vela Jr.
1 Note that there would be some complications. For example, it may be the case that the shock of RX J1713.7−3946 is expanding in
a cavity created by the progenitor’s wind (Berezhko and Vo¨lk, 2010; Ellison et al., 2012; Fukui et al., 2012). In this case, a significant
amount of gamma rays might be emitted by protons/ions escaping from the SNR shell and then interacting with the dense cavity wall.
The thermal X-rays, on the other hand, are emitted from low density gas in the cavity, and not related directly to the γ-rays.
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1.3 Synchrotron X-ray spectrum beyond the cutoff
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Figure 2: (Left) Spatially-integrated X-ray spectra of SNRs RX J1713.7−3946 and Vela Jr. measured with Suzaku. Shaded regions
represent systematic errors. (Right) Simulated SXI (black) and HXI (red) spectra of SNR RX J1713.7−3946 (100 ks). The spectra are
extracted from a 8′ × 8′ box in the northwest rim. The simulation uses the Zirakashvili-Aharonian spectral form with 0 = 0.67 keV
(Tanaka et al., 2008).
As discussed in Section 1.1, precise measurements of the spectral shapes of synchrotron peaks can be used to
constrain the diffusion coefficient at SNR shocks. ASTRO-H HXI measurements beyond the maximum would
confirm the Bohm diffusion or deviation from it using the Zirakashvili-Aharonian spectral form (Zirakashvili
and Aharonian, 2007). Moreover, the sensitive hard X-ray observations above ∼ 20 keV with the HXI may al-
low us to search for new spectral components besides the standard synchrotron component, such as nonthermal
bremsstrahlung, especially in Cas A (Vink, 2008), the synchrotron radiation produced by secondary electrons
and positrons, and jitter radiation.
Again, we highlight synchrotron-dominated SNRs, RX J1713.7−3946 and Vela Jr., which are the strongest
nonthermal X-ray emitters among galactic SNRs (if integrated over the entire remnant), and therefore excellent
targets to investigate the spectral shape of the synchrotron X-ray emission in great details. In Figure 2, we show
spatially-integrated X-ray spectra of SNRs RX J1713.7−3946 and Vela Jr. measured with Suzaku. While the X-
ray spectrum of RX J1713.7−3946 measured with Suzaku cannot be fitted with a simple power law (Takahashi
et al., 2008), the 2–10 keV spectrum of Vela Jr. is consistent with a power law. A broadband X-ray spectroscopy
is indispensable for placing strong constraints on the energy-dependent diffusion coefficient at shock waves.
Figure 2 shows simulated SXI and HXI spectra of SNR RX J1713.7−3946 for an exposure time of 100
ks. The pointing position is assumed to be the brightest part of the northwestern rim. The spectra are extracted
from the 8′×8′ HXI field-of-view. The simulation uses the Zirakashvili-Aharonian synchrotron spectrum with a
cutoff energy of 0 = 0.67 keV (Tanaka et al., 2008). Unlike the Suzaku HXD observations of RX J1713.7−3946
(Tanaka et al., 2008), ASTRO-H observations will realize spatially-resolved hard X-ray spectroscopy. ASTRO-
H will provide important new information about the key parameters of the DSA theory and potentially also
provide solid proof of the γ-ray emission mechanism. We can use the broadband measurement of the X-ray
spectral shape to infer D(E), which in turn can be used to calculate the spectrum of high-energy protons,
assuming full confinement, and also the pi0-decay spectrum produced by these protons. Comparison with the
TeV γ-ray data tests the hadronic scenario and furthermore it will provide insights into the possible effect of
particle escape on the proton spectrum.
8
2 Extreme particle acceleration in gamma-ray binaries and microquasars
2.1 Introduction
Gamma-ray binary systems are a relatively new class of astrophysical object, currently consisting just of five
firmly identified representatives: PSR B1259−63 (Aharonian et al., 2005), LS 5039 (Aharonian et al., 2006),
LSI +61◦ 303 (Albert et al., 2006), HESS J0632+057 (Aharonian et al., 2006), and 1FGL J1018.6−5856 (Ack-
ermann et al., 2012; Abramowski et al., 2012). The key feature of these binary systems is that their bolometric
radiation (with subtracted contribution from the optical companion) is dominated by emission produced in
the gamma-ray energy band above 1 MeV. Typically, the gamma-ray emission varies with orbital phase, and
sometimes very strong/rapid changes of the gamma-ray radiation intensity, i.e., some type of periodic flares,
are observed. Some gamma-ray binary systems display a strictly periodic gamma-ray signal. In the case of
LS 5039 it was possible to obtain the orbital period by using the data collected only in the VHE domain.
Certain orbit-to-orbit variability has also been observed in other systems. In particular, the high energy (HE)
emission observed from LSI +61◦ 303 with Fermi-LAT displayed a clear change in 2009 March (Hadasch et
al., 2012).
All the gamma-ray binary systems should accelerate high energy particles with high efficiency. However,
the implications of these observations on acceleration theory is still missing, since gamma-ray binary systems
display a very complex phenomenology that includes presence of several radiation components with ambiguous
relations, unusual spectral behavior, and high level of orbital variability. Moreover, these objects demonstrate
very individual properties that apparently cannot be explained by a change of the basic parameters (separation
distance, viewing angle, etc) within some general scenario. Finally, the nature of the compact objects in the
gamma-ray binary systems have not yet been identified, except one clear case of PSR B1259−63, which consists
of a late-type star and a pulsar. Thus, gamma-ray binary systems remains a highly unexplored group of high
energy sources, and their study with ASTRO-H will allow to answer several important questions related to
general properties of nonthermal acceleration mechanisms and the specific processes taking place in these
enigmatic sources.
Flaring HE or VHE gamma-ray emission components have also been detected from the X-ray binaries Cyg X-
1 (Albert et al., 2007) and Cyg X-3 (Abdo et al., 2009a), but this emission is neither dominant nor coherent
with certain orbital phases as is the case of the true gamma-ray binaries. These observations however indicates
that jets launched in conventional X-ray binary systems can also be very efficient accelerators of nonthermal
particles.
2.1.1 Key question 1: Study of the nonthermal acceleration process
The concept of acceleration efficiency can be interpreted in different ways: either indicating a high maximal
value of energy of individual particles achieved under given conditions, or as a measure of the fraction of
energy transferred to the population of nonthermal particles. It is very remarkable that gamma-ray binary
systems seem to accelerate particles with unprecedented efficiency in both senses. The first type of efficiency
is the best illustrated by a simultaneous study of X-ray and VHE gamma-ray emission detected from LS 5039.
It has been shown that in this system the effective accelerating field should contribute at least at a level of
30% of the total electromagnetic field (Takahashi et al., 2009). Binary pulsar system PSR B1259−63 provides
us with an example of a remarkable conversion of the available energy to gamma-ray radiation. During the
GeV flares that occurred approximately one month after periastron passages in 2010 December and 2014 May,
the gamma-ray luminosity measured with Fermi-LAT in the energy interval between 0.1 and 1 GeV exceeded
80% of the spin-down luminosity of the pulsar (Abdo et al., 2011). Importantly, this phenomena may have a
counterpart in the X-ray energy band (Bordas et al., 2014); therefore study of this phenomena with ASTRO-H
may shed light on its nature.
Although, currently only one gamma-ray binary system, PSR B1259−63, is confirmed to contain a pulsar, it
was suggested (Dubus, 2006) that the phenomena of gamma-ray binary systems are related to interaction of a
non-accreting pulsar with the optical companion. Therefore, these objects may have a very close connection
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to another (much more numerous) class of gamma-ray sources: to pulsar wind nebulae (PWNe). Indeed, in a
binary pulsar system containing a pulsar enough powerful to prevent accretion onto neutron star (in contrast
to accreting pulsar systems), one would expect a realization of the scenario of compactified nebula (see e.g.
Maraschi and Treves, 1981). It means that all the components typical for regular PWN – ultrarelativistic pul-
sar wind, pulsar wind termination shock, and shocked electron-positron outflow– are present in such systems.
However, despite the same ingredients binary pulsar systems differ substantially from the plerions around iso-
lated pulsars. In particular this concerns the dynamics of the magnetic field in the shock downstream region.
In the case of standard pulsar wind nebula the magnetic field strength increases in the postshock region until
magnetic field pressure reaches the equilibrium with gas pressure (Kennel and Coroniti, 1984). In a binary
pulsar the magnetic field has a tendency of rapid decrease of its strength towards flow downstream caused by
bulk acceleration of the flow (Bogovalov et al., 2012). This property may have an important implication on
the study of the nonthermal spectra formed at relativistic shocks. Indeed, in isolated pulsars the bulk of the
synchrotron emission is generated in regions of strong magnetic field, at distances significantly exceeding the
shock radius, Rsh (e.g., ∼ 10Rsh in the case of the Crab pulsar). The electron spectrum present at such distances
does not correspond to the spectrum formed at the termination shock due to the impact of the cooling processes.
However, in the case of binary pulsars the strongest emission should be generated in the closest vicinity of the
termination shock, where the spectrum has not yet been deformed by cooling. In particular, it was argued that
the spectral break revealed with Suzaku in the X-ray spectrum of PSR B1259−63 (Figure 3) can be related to
the lower energy cutoff of the acceleration spectrum, associated with the Lorentz factor of the relativistic pulsar
wind γ ∼ 4 × 105 (Uchiyama et al., 2009).
2.1.2 Key question 2: Compact object nature
Figure 3: Suzaku observations of the spectral break in
PSR B1259−63. Taken from Uchiyama et al. (2009).
Proper implications of observations of gamma-ray binary sys-
tems in X- and gamma-ray energy bands are rather compli-
cated, since the physical scenario, that is realized in these sys-
tems, is not yet robustly understood. It is believed that the high
energy activity of these objects is governed by processes related
to the compact object, which can be either a pulsar or a black
hole. However, the nature of the compact objects have not been
identified in the majority of the cases. The pulsar is expected
to release its rotation energy via a cold ultrarelativistic pulsar
wind, and in the black hole systems the main source of energy
is accretion. Thus, the properties of the acceleration sites, ex-
pected in these two scenarios, differ dramatically. In the binary
pulsar systems, the nonthermal particles are expected to be re-
lated to a strong ultra-relativistic shock occupying a significant
region in the system like in pulsar wind nebulae. In contrast,
jets launched by the compact object most likely themselves are
sites of particle acceleration.
A distinctive criterion of identification of an accretion pow-
ered system is related to the presence of thermal X-ray emission. Such a component should be produced by the
inner regions of the accretion disk. Currently, no thermal X-ray component has been detected from gamma-ray
binary systems. The lack of its detection cannot be however treated as conclusive evidence, since there are sev-
eral factors that can weaken it. For example, when the companion optical star does not fill the Roshe lobe, the
angular momentum of accreted matter is not high enough to form an accretion disk, thus such systems should
lack bright thermal X-ray emission. On the other hand, even in absence of accretion disk, these systems are still
able to launch a jet powerful enough to satisfy the energy budget required to explain the gamma-ray emission
detected, e.g., from LS 5039 (Barkov and Khangulyan, 2012).
A possible way of determining the nature of the compact object is to study emission produced by the stellar
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wind. Indeed, while in the case of direct wind accretion the stellar wind is not expected to be strongly perturbed
by the compact object and the jets, the presence of a powerful non-accreting pulsar in a binary system should
strongly affect the stellar wind (Bogovalov et al., 2008; Khangulyan et al., 2008; Bogovalov et al., 2012). In
particular, a significant part of the stellar wind is to be shocked and heated up to keV temperatures (Zabalza et
al., 2011), and consequently thermal X-ray lines can be studied with the micro-calorimeter onboard ASTRO-H.
Detection (or equally non-detection) of this, currently not seen emission component, should shed light on the
nature of the compact objects.
Finally, one can argue that compact binary systems harboring a non-accreting pulsar are not capable of
producing detectable pulsed radio signal because of severe absorption in the dense stellar wind. Moreover,
uncertainties in definition of the orbital parameters do not allow to search for pulsed gamma-ray component
in Fermi-LAT data collected from gamma-ray binary systems (Caliandro, Torres, Rea, 2012). Therefore, the
X-ray band remains the only plausible channel for detection of pulsed emission from these objects.
2.1.3 Key question 3: Nonthermal activity in Galactic jets
Generally, X-ray binaries are treated as thermal sources effectively transforming the gravitational energy of
the compact object (a neutron star or a black hole) into thermal X-ray emission radiated away by the hot
accretion plasma. However, since the discovery of compact galactic sources with relativistic jets (dubbed as
microquasars) the general view on the role of nonthermal processes in X-ray binaries has significantly changed.
It is now recognized that nonthermal processes do play a non-negligible role in these accretion-driven objects,
and this nonthermal activity may result in acceleration of particles to HE and VHE energies. ASTRO-H can
significantly contribute to study of the nonthermal processes in microquasars thanks to its high sensitivity in
the hard X-ray energy band and polarimetric capabilities of SGD in the soft gamma-ray energy band. This may
shed light on several fundamental processes, e.g., disk-jet connection, that are very important in jet sources on
different scales.
2.2 Extreme Particle Acceleration in Gamma-ray Binaries
As it was shown via interpretation of the multiwavelength data of LS 5039 obtained with H.E.S.S. and Suzaku,
the efficiency of the acceleration process operating in this source should be extremely high. Namely, if the
acceleration timescale is expressed as:
tacc =
ηRL
c
∼ 0.1 η
( Ee
1 TeV
) ( B
1 G
)−1
s, (1)
where η ≥ 1 parametrizes the acceleration efficiency, B magnetic field strength and Ee electron energy, an
efficiency of η < 3 is required (Takahashi et al., 2009). We note that the value of η = 1 corresponds to the
extreme accelerators with the maximum possible rate allowed in magnetohydrodynamic setup. The accelerator
operating in LS 5039 might be one of the most efficient in all astrophysical sources. Therefore the nature of
the compact object remaining behind this acceleration process deserves a special attention and may give an
important insight into the physics of highly efficient accelerators.
The X-ray emission allows a deeper insight on the properties of the highest energy particles residing in
gamma-ray binary systems. Obviously, these particles predominately emit in the γ-ray energy band, but the
presence of the dense photon field provided by the companion star almost unavoidably leads to a severe γ-γ
attenuation of TeV γ-rays (Khangulyan et al., 2008; Dubus, Cerutti, Henri, 2008). Therefore, the intrinsic γ-ray
spectrum can be significantly deformed. Thus, the understanding of the very high energy processes occurring
in gamma-ray binary systems requires a simultaneous study of the many different processes, which include
particle acceleration, transport, radiation, attenuation and eventually cascading. On the other hand, the nature
of γ-ray binary systems strongly favors the leptonic origin of the VHE emission, i.e. through IC scattering of
VHE electrons on the stellar photons. In the frameworks of this scenario, the electrons responsible for γ-ray
emission should also emit in the X-ray band through the synchrotron channel. This emission remains insensitive
to the severe internal γ-γ absorption. Thus, sensitive X-ray observations together with TeV data provide a mean
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for a deep insight into the physics of the highest energy particle population in TeV binary systems. However,
current X-ray telescopes lack both required sensitivity in the soft γ-ray and angular resolution in hard X-ray
bands.
In compact binary systems the photon field is expected to be very intense. However in the VHE regime the
acceleration process is typically limited by the synchrotron losses, since the IC losses are severely suppressed
by the Klein-Nishina effect. In this case if the acceleration time is determined by Eq. (1), the synchrotron
maximum energy appears to be independent on the strength of the magnetic field. The only parameter that
alters this energy is the acceleration efficiency η:
~ωmax ' 150 η−1 MeV. (2)
For the value of η ' 3 inferred for LS 5039, the synchrotron spectrum should extend to energies ~ωmax ∼
50 MeV (Takahashi et al., 2009). This prediction seems to be consistent with orbital phase dependence of
gamma-ray emission detected with COMPTEL from this source (Collmar and Zhang, 2014). Moreover, the flux
level obtained with COMPTEL is consistent with extrapolation of the X-ray spectrum obtained with Suzaku.
Thus, if this interpretation is correct, one should expect a powerlaw spectrum in an energy interval unprecedent-
edly broad for binary systems: from ∼ 1 keV to ∼ 30 MeV. The luminosity emitted in this radiation component
should allow a very detailed study of it with ASTRO-H, which would include precise measurements of variabil-
ity and spectral features. In particular, if the binary pulsar scenario is realized in LS 5039, one may expect a
detection of a low energy break that is related to the bulk Lorentz factor of the pulsar wind; such a feature has
been suggested in the Suzaku data obtain from PSR B1259−63 (Uchiyama et al., 2009).
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Figure 4: Simulation of the ASTRO-H HXI observation of
PSR B1259−63 with an exposure of 10 ks as it crosses the disk.
The spectral parameters are derived from the Suzaku observa-
tion shown in Figure 3. Spectral data are fitted with a single
power law.
PSR B1259−63 is the only gamma-ray binary with a
well identified compact object; it is a 48 ms radio pul-
sar in a highly eccentric 3.4 year orbit with a Be star LS
2883. Suzaku observations in 2007 for the first time indi-
cated a break of the spectrum (Figure 3; Uchiyama et al.,
2009). The observed X-ray spectral break was attributed
to the low-energy cutoff of the synchrotron radiation as-
sociated with the Lorentz factor of the relativistic pulsar
wind γ ∼ 4 × 105. Thus, this break gives us additional
important information on the energy of the shocked rel-
ativistic electrons and the magnetic field. It should be
noted that the presence of the nearby X-ray pulsar IGR
J13020-6359, located only 10′ from the PSR B1259−63
makes the results of the Suzaku HXD model-dependent.
Therefore, hard X-ray imaging observations would be
a great benefit. Figure 4 shows a simulation of 10 ks
observation of PSR B1259−63 with ASTRO-H, where
we show that if one would try to fit the broken power-
law spectrum that was revealed by Suzaku with a single
power-law model, the high energy data will clearly devi-
ate from the model.
Importantly, if this spectral feature is real, it should be much more prominent in binary pulsar systems than
in PWNe around isolated pulsars. Cooling process together with particle transport in strengthening magnetic
field should dilute this spectral break.
2.3 Nature of Compact Objects in LS 5039
In this subsection we focus on one example of gamma-ray binary system LS 5039 that contains yet an uniden-
tified compact object. LS 5039 is the only persistent gamma-ray binary with an O-type star companion. In this
system a compact object is in a mildly eccentric 3.9 day orbit around O6.5V(f) main star (Casares et al., 2005).
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The source shows periodic X-ray emission with a peak around the inferior conjunction (Takahashi et al., 2009)
and a modulation practically mirrored by its VHE emission (Aharonian et al., 2006). Fermi-LAT observations
showed that, similar to TeV and X-rays, GeV emission is modulated with the orbital period, with flux variations
of a factor three along the orbit (Abdo et al., 2009b). The spectral shape at the GeV range is consistent with a
power law with an exponential cutoff at energies of a few GeV (with the position of the spectral cutoff energy
stable along the orbit). The combined effects of adiabatic losses, synchrotron and IC cooling, and anisotropic
IC emission applied to a single particle population with a power-law energy distribution are unable to reproduce
a cutoff at a few GeV while accounting for the hard spectrum from 10 GeV to 1 TeV (Khangulyan et al., 2008).
Zabalza et al. (2013) have proposed a model that assumes two different locations for the production of the
observed GeV and TeV components of the γ-ray emission. The apex of the contact discontinuity was proposed
as the candidate location for the GeV emitter, and a pulsar wind termination shock in the direction opposite of
the star, which appears because of the orbital motion, as the candidate location for the TeV emitter. Barkov and
Khangulyan (2012) proposed an alternative model, which considers the wind accretion onto a rotating black
hole in the close binary system harboring a young massive star. It was shown that the angular momentum of the
accreted stellar wind material is not sufficient for the formation of an accretion disk, but the powerful jets can
still be launched in the direction of the rotation axis of the black hole. In this case no observational signatures
of accretion, as typically seen from the thermal X-ray emission from the accretion disks, are expected in the
suggested scenario. The obtained jet luminosity can be responsible for the observed GeV radiation if one
invokes Doppler boosting.
A possible observational test that allows to discriminate between these two scenarios is based on future ob-
servations with ASTRO-H; if the binary pulsar scenario is realized, one should expect a detectable contribution
from shocked stellar wind. In Figure 5 the computed spectrum of thermal X-ray emission is shown for three
different values of the pulsar spin-down luminosity (see Zabalza et al. (2011) for detail). The spectra correspond
to the conditions expected in LS 5039 at periastron and apastron orbital phases. However, it should be taken
into account that LS 5039 is a bright source of nonthermal X-ray radiation. The most detailed X-ray spectrum at
different orbital phases was obtained with Suzaku in 0.7–70 keV energy range (Takahashi et al., 2009). The X-
ray emission observed with Suzaku is characterized by a hard power law with a phase-dependent photon index
which varies within Γ = 1.45–1.61, moderate X-ray luminosity of LX ∼ 4 × 1033erg s−1. Since the luminosity
of the nonthermal component exceeds the expected emission from the shocked wind, the thermal contribution
can be inferred only with usage of the ASTRO-H SXS. If no line features will be detected with ASTRO-H, that
would imply a rather strict upper-limit on the spin-down luminosity of the pulsar that closely approaches the
lower-limit imposed by the energy requirement to power the bright gamma-ray emission component.
Although the Suzaku observation revealed no spectral features in the broadband X-ray emission, it should
be noted that since LS 5039 is located close to the Galactic plane, the contribution from the Galactic ridge
X-ray emission (GRXE) is not negligible. Since the Suzaku HXD is a non-imaging instrument authors had to
assume a spectral shape of the GRXE to subtract it from the observed spectrum. Thus ASTRO-H observations
are very important both to check the evolution of the X-ray emission and to check whether the broadband X-ray
emission of LS 5039 is indeed completely featureless, which is extremely important in order to understand the
true nature of the source and to select between the proposed models.
2.4 Hard X-ray emission of the BH jets
Approximately 20 per cent of the ∼ 250 known X-ray binaries show synchrotron radio emission, and observa-
tions in recent years have revealed the presence of radio jets in several classes of X-ray binary sources. The
high brightness temperature and the polarization of the radio emission from X-ray binaries are indicators of the
synchrotron origin of radiation. The nonthermal power of synchrotron jets (in the form of accelerated electrons
and kinetic energy of the relativistic outflow) during strong radio flares could be comparable with, or even
exceed, the thermal X-ray luminosity of the central compact object.
If the acceleration of electrons proceeds at a very high rate, the spectrum of synchrotron radiation of the jet
can extend to hard X-rays/soft γ-ray domain (Atoyan and Aharonian, 1999; Markoff, Falcke, Fender, 2001).
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In addition, the high density photon fields supplied by the accretion disk and by the companion star, as well
as produced by the jet itself, create favorable conditions for effective production of X- and γ-rays of IC origin
inside the jet (Levinson and Blandford, 1996; Atoyan and Aharonian, 1999; Georganopoulos, Aharonian, Kirk,
2002). Generally, this radiation is expected to have an episodic character associated with strong radio flares in
objects like GRS 1915+105.
Figure 5: Thermal X-ray emission expected from LS 5039.
Taken from Zabalza et al. (2011).
The previous observations with OSSE and COMPTEL
showed that the spectra of microquasars, in particular
GRS 1915+105 and Cyg X-1, extend to the domain of hard
X-rays and soft γ-rays. For any reasonable temperature of
the accretion plasma, models of thermal Comptonization
cannot explain the MeV radiation, even when one invokes
the so-called bulk-motion Comptonization. For explanation
of this excess, the so-called “hybrid thermal/nonthermal
Comptonization” model has been proposed which assumes
that the radiation consists of two components – (i) the ther-
mal Comptonization component with a conventional tem-
perature of the accretion plasma kTe ∼ 20 − 30 keV and (ii)
a nonthermal high energy component produced during the
development of a linear pair cascade initiated by relativistic
particles in the accretion plasma surrounding the black hole
(for a review see Coppi, 1999). This model requires exis-
tence in the accretion plasma of a relativistic electron pop-
ulation, as a result of either direct electron acceleration or
through pion-production processes in the two-temperature
accretion disk with Ti ∼ 1012 K (Mahadevan, Narayan, Kro-
lik, 1997).
An alternative site for production of hard X-rays and low
energy γ-rays could be the synchrotron jets. In particular, it
has been proposed that the synchrotron emission of micro-
quasars might extend to X-ray energies, either in the extended jet structure (Atoyan and Aharonian, 1999) or
close to the base of the jet (Markoff, Falcke, Fender, 2001). Recently a significant contribution of the nonther-
mal X-ray emission to the total X-ray luminosity of Cyg X-3 has been argued based on the detection of γ-rays
by the Fermi LAT and AGILE (Zdziarski et al., 2012). The confirmation of the synchrotron X-ray component
of jets in microquasars not only will help to understand the acceleration mechanisms in these objects, but also
add a key information to the disk-jet relationship.
The most promising energy band for the extraction of the synchrotron component is the hard X-ray to the soft
γ-ray band where the radiation from the accretion plasma is suppressed. ASTRO-H has an excellent capability
for detailed spectroscopic and temporal studies of the most prominent representatives of microquasars like
GRS 1915+105, Cyg X-1, and Cyg X-3. Detection of polarization by the ASTRO-H SGD would provide
crucial test of the synchrotron origin of radiation. In this regard, one should mention the claim of the detection of
polarization of hard X-ray emission above 400 keV by INTEGRAL which can be explained only by synchrotron
emission (Laurent et al., 2011).
3 Ultra high energy particles in galaxy clusters
Accretion shocks in Clusters of galaxies are able to accelerate protons to extremely high energies. The energy
distribution of accelerated protons can be calculated self-consistently via a time-dependent numerical treatment
of the nonrelativistic diffusive shock acceleration (DSA) process versus energy losses caused by interactions
with the comic microwave background radiation (MBR). In this scenario, the maximum energy of protons is
achieved around 1019eV, when the rate of DSA, determined by the shock speed, cannot overcome anymore the
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progressively growing lose rate due to the Bethe-Heitler pair production processes. The secondary (“Bethe-
Heitler”) electrons and positrons are immediately cooled down leading to a broad band emission consisting of
two, synchrotron and inverse Compton (IC) components. In the case of strong shocks, the substantial fraction
of the available energy (10 % or even more if the acceleration takes place in a nonlinear regime) is released in
highest energy protons from the cutoff region. Furthermore, the energy of these protons with 100 % efficiency
is converted, via radiation of secondary electrons, to nonthermal emission. Thus we deal with an extremely
effective emitters of high energy emission. Despite the remote locations of galaxy clusters and their large
angular extensions, the hard X-ray emission initiated by ultra-high energy cosmic rays can be detected by
ASTRO-H. This would open a new research area of studies of extragalactic cosmic rays with ASTRO-H. The
synchrotron flux peaks around 100 keV to 1 MeV with a very hard spectrum (photon index ≈ 1.5) below 100
keV. This spectral feature can be used for an effective separation of this radiation component from the thermal
X-ray emission of the hot intracluster plasma. The detection of some nearby representatives of this source
population, like the Perseus and Coma clusters, in both X-ray and TeV bands should allow an independent and
robust estimate of the intracluster magnetic field. Since γ-rays above 10 TeV are arriving with a significantly
distorted spectrum due to the energy-dependent absorption in the the Extragalactic Background Light (EBL),
the comparison of the hard X-ray and TeV γ-ray spectra from clusters should allow quite robust predictions for
the flux of EBL at mid infrared wavelengths.
3.1 Nonthermal X-ray observations of galaxy clusters
The diffuse synchrotron radio emission detected from significant fraction (about one third) of rich clusters of
galaxies indicates the presence of relativistic electrons in these largest structures in the Universe. Detections
of nonthermal X-ray emission have been claimed from a few galaxy clusters; generally it is interpreted as IC
emission from the same population of electrons (e.g., Fusco-Femiano et al., 1999; Eckert et al., 2008). However,
this interpretation requires a quite small magnetic field of the order of 0.1µG, which is in stark contrast to the
Faraday rotation measurements which demand much stronger intracluster magnetic field of order of a few µG
(Clarke, Kronberg, Bo¨hringer, 2001; Carilli and Taylor, 2002). Several possible explanations of this controversy
have been discussed in the literature. Two most likely options in this regard could be the simplest ones, namely
either the reports of detections of nonthermal X-rays are not correct, or they are correct but the nonthermal
X-rays are not of IC origin. Although there is a hope that ASTRO-H will contribute to the clarification of this
important issue, in particular should be able to inspect the previous clams on the nonthermal X-ray excess, it is
clear that if the Faraday rotation measurements give a realistic estimate of the intracluster magnetic field, the
chances will be quite small for ASTRO-H to detect IC X-rays even from the most promising clusters like Coma
or Perseus.
On the other hand, we may expect detectable nonthermal X-rays from another radiation channel, namely
through synchrotron radiation of extremely high energy electrons. While the radio synchrotron and IC X-rays
are produced by relatively modest (GeV energy) electrons, the extension of synchrotron radiation to the X-ray
band requires multi-TeV parent electrons. These electrons cool via synchrotron radiation and IC scattering
on very short timescales, thus they cannot travel too far from the sites of their production. Therefore, in the
case of shock acceleration we should expect very narrow filamentary structures which would mimic the spatial
structure of the shocks.
In principle, we can expect diffuse synchrotron radiation if the electron acceleration has stochastic (Fermi II
type) character. However, for any realistic parameters characterizing the intracluster medium it is difficult to
accelerate electrons to TeV energies, thus the synchrotron peak should appear well below 1 keV. Since the shock
speeds in galaxy clusters do not exceed a few thousand km/s, even in the case of Bohm diffusion the synchrotron
peak appears below 1 keV (see Figure 6). Note that when the energy losses of electrons are dominated by the
synchrotron cooling, and the acceleration proceeds in the Bohm diffusion region, the position of synchrotron
peak does not depend on the magnetic field. For example, for the shock speed of a few 1000 km s−1 it is expected
around 1 keV (Zirakashvili and Aharonian, 2007). Thus, for the typical infracluster magnetic fields of about
B1 = 0.3 µG, electrons are predominantly cooled via IC scattering, therefore the synchrotron peak is shifted to
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Figure 6: Spectral energy distribution of synchrotron radiation of electrons directly accelerated at the accretion shock front for a shock
speed of 2000 km s−1 and the intracluster magnetic field B1 = 0.3 µG. It is assumed that the acceleration proceeds in the Bohm regime.
The contribution from the upstream region (marked as “up”) is negligible compared to the contribution from the downstream because
of lower density of electrons in upstream as well as due to the higher (compressed) magnetic field upstream. Taken from Vannoni,
Gabici, Aharonian (2009).
0.1 keV (Vannoni, Gabici, Aharonian, 2009). However, one should mention that in a highly turbulent medium,
when the the characteristic scale of λ is less than the electron gyro radius, rg = mec2/eB ∼ 1011(B/1µG)−1cm,
the peak of radiation could be shifted towards higher energies by a factor of k = rg/λ > 1.
3.2 Synchrotron radiation of the Bethe-Heitler electron-positron pairs
Clusters of galaxies are potential sites for effective acceleration of cosmic rays (see Blasi, Gabici, Brunetti,
2007, for a review). In particular, it has been argued that large scale accretion shocks can effectively accelerate
electrons and protons up to ultrarelativistic energies (Norman, Melrose, Achterberg, 1995; Vo¨lk, Aharonian,
Breitschwerdt, 1996; Berezinsky, Blasi, Ptuskin, 1997; Loeb and Waxman, 2000; Kushnir, Katz, Waxman,
2009; Miniati et al., 2001; Blasi, 2001; Gabici and Blasi, 2003; Ryu et al., 2003). Formally, according to
the so-called Hillas criterion, galaxy clusters are amongst the few source populations capable, as long as this
concerns the dimensions of the structure and the value of the magnetic field, to accelerate protons up to 1020
eV.
The interactions of ultra-high energy protons with the MBR lead to production of electrons with energies
E ≥ 1015 eV which is not accessible through any direct acceleration mechanism. These electrons cool via
synchrotron radiation and IC scattering on very short timescales (compared to both the age of the source and
interaction timescales of protons); they cannot propagate too far from the sites of their production, i.e. they
are localized in space. This implies that the corresponding radiation components in the X-ray and γ-ray energy
bands are tracers of primary protons, and contain precise information about the acceleration and propagation of
their “grandparents”. Since protons can freely travel within the cluster, we should expect diffuse X-ray emission
from regions with linear size in excess of a few Mpc.
It is remarkable that as long as the maximum energy of protons is determined by radiative losses, one can
ignore the escape of the highest energy particles many aspects of which remain not well understood and contain
large uncertainties. This allows good accuracy of calculations of the spectra of accelerated particles, their sec-
ondary products, and, consequently, robust predictions for the synchrotron radiation of the secondary electrons.
The detection of this radiation is possible only if the acceleration proceeds close to the Bohm diffusion. In
this case three key model parameters determine the conditions for effective production of the secondary syn-
chrotron radiation; these are the fraction of available energy converted to accelerated particles, κCR, the shock
speed vshock, and the average magnetic field, B.
Proton acceleration in galaxy clusters by accretion shocks has been studied in Vannoni et al. (2011). For real-
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istic shock speeds of a few thousand km/s and a background magnetic field close to 1 µG, the maximum energy
achievable by protons is determined by the energy losses due to Bethe-Heitler pair production; it ranges from
1018 eV to 1019 eV (Vannoni et al., 2011). In this scenario, particle acceleration operates on timescales com-
parable to the age of the cluster, t ∼ 1010yr. However, since in such sources the steady state is never achieved,
a time-dependent treatment is required. The proton energy spectra exhibit interesting features. Because of
the specific energy-dependence of energy losses caused by the Bethe-Heitler pair production, the decay of the
proton spectrum around the cut-off energy appears quite different from the usually assumed exponential shape.
Another interesting effect is related to the specifics of energy losses of electrons due to IC scattering which
proceeds in the Klein-Nishina regime. These effects leads to the formation of broad-band radiation of electrons
consisting of the synchrotron and IC components. The curves shown in Figure 7 are obtained for acceleration
by nonlinear shocks modified by the pressure of relativistic particles, and assuming for the compression factor
R = 7. The synchrotron spectrum in this case before the cutoff is very hard with a spectral index α = 1.5
(Malkov and Drury, 2001). Note that this type of spectrum provides significantly more effective release of
energy of accelerated particles to high energy radiation compared to the E−2 type proton spectrum (formed in
the case of linear shock acceleration) because the major fraction of the nonthermal energy is accumulated in
the cutoff region.
Figure 7: (a) The luminosity of the broadband syn-
chrotron and IC radiation components from down-
stream (solid line) and upstream (dashed line). (b)
Energy flux at the observer location, after intergalac-
tic absorption of gamma-rays using the EBL model of
Franceschini, Rodighiero, Vaccari (2008) for a distance
to the source 100 Mpc. Taken from Vannoni et al.
(2011).
The detectability of clusters in hard X-rays and γ-rays as-
sociated with interactions of ultrahigh energy protons with the
MBR photons, linearly depends on the value of the parameter
A = W62/d2100, where W62 = W/10
62 erg is the total energy
released in accelerated particles, and d100 = d/100 Mpc is the
distance to the source. The luminosities and fluxes of the syn-
chrotron and IC components shown in Figure 7 are calculated
for A = 1, assuming for the shock speed v = 2000 km s−1 and
for the magnetic fields upstream B1 = 0.3 G and downstream
B2 = 7B1. For the chosen parameters, the synchrotron and IC
luminosities are similar. Nevertheless, while the energy flux of
hard X-rays at the distance of 100 Mpc from the source is ex-
pected at the level of 10−11A erg cm−2 s−1, the flux of IC γ-rays
at multi-TeV energies is suppressed by an order of magnitude.
The reason is the severe intergalactic absorption. It is seen from
Figure 7. that although the maximum of the γ-ray luminosity
is located above 100 TeV, the intergalactic absorption makes it
invisible.
Coma and Perseus clusters are two most promising objects
in the nearby Universe (within 100 Mpc) to be detected in sec-
ondary hard X-rays and IC γ-rays. However, even for them the
surface brightness is quite low given their large angular exten-
sions; this makes the detection of X-rays not an easy task. In-
deed, the accretion of the cold external material onto a hot rich
cluster of galaxies can lead to the formation of a strong shock
at the position of the virial radius of the cluster. For Coma clus-
ter the virial radius is about 3 Mpc, which for the distance to the source corresponds to the angular radius of
about 1.8◦. The angular virial radius of Perseus is somewhat less, ≈ 1.4◦. Thus, the angular surface of both
objects is about 10 deg2, and correspondingly the flux of hard X-rays is about ≈ 10−12A erg cm−2 s−1 deg−2.
The comparison of this flux estimate with the sensitivity limit of ASTRO-H (for 100 ks exposure time ) of about
5 × 10−12 erg cm−2 s−1 deg−2 at 20 keV, gives us a quite robust condition: A ≥ 5, or W ≥ 5 × 1062 erg given
that both objects are located at a distance of about 100 Mpc. Thus the hard synchrotron X-rays of secondary
(“Bethe-Heitler”) electrons can be detected only if approximately 5 % of the total energy of these clusters
(≈ 1064erg) is transformed to ultra-high energy cosmic rays. Although this is a quite tough condition, it is
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in agreement with predictions of DSA. Moreover, in the case of realization of nonlinear regime of DSA, the
acceleration efficiency could be as high as 50 % (Malkov and Drury, 2001). In this case, ASTRO-H should be
able to detect this component with high statistical significance.
Although the integral flux of X-rays decreases with the distance to the source as 1/d2, for the fixed physical
size of the source (i.e. the virial radius), the brightness distribution does not depend on the distance d. Therefore,
as long as the detectability is determined by the surface brightness, the remote powerful clusters of galaxies
with energy budget W ≈ 1064erg up to 1 Gpc (when the angular size of the cluster becomes comparable to the
angular resolution of the hard X-ray imager) could be considered as potential targets for ASTRO-H. Formally,
the same is true also for γ-rays but, because of the intergalactic absorption, the detectability of very distant
objects in TeV γ-rays is dramatically reduced.
The expected γ-ray flux from clusters of galaxies is at the limit of the sensitivity of present generation
instruments. However it may be detectable with the future generation of detectors, in particular by CTA. The
optimum energy interval for γ-ray detection is between 1 and 10 TeV. Note that since the theoretical predictions
for the spectral shapes of synchrotron X-rays and IC γ-rays are quite robust and depend rather weakly on the
model parameters, one can “recover” the intrinsic spectrum of γ-rays of energy E ≥ 10 TeV based on the
detected spectrum of hard X-rays. Then the comparison of the recovered intrinsic and detected γ-ray spectra
should give us an extremely important information about the flux of the Extragalactic Background Light (EBL)
at poorly know wavelengths between 10 and 100 µm.
Finally we should comment on γ-rays related to interactions of accelerated protons with the ambient gas
which can compete with the IC radiation of pair produced electrons. The relative contributions of these two
channels depend on the density of the ambient gas and the spectral shape of accelerated protons. The flux of
γ-rays from pp interactions can be easily estimated based on the cooling time of protons, tpp ≈ 1.5 × 1019/n−4
s, where n−4 = n/10−4 cm−3 is the density of the ambient hydrogen gas, normalised to 10−4 cm−3. Then, the
energy flux of γ-rays at 1 TeV is estimated as Fγ (∼ 1 TeV) ≈ 6 × 10−12κW62n−4/d2100 erg cm−2 s−1, where
κ is the fraction of the total energy of accelerated protons in the energy interval between 10 to 100 TeV (these
protons are primarily responsible for production of γ-rays of energy ∼ 1 TeV). For a proton energy spectrum
extending to 1018 eV, this fraction is of order of κ ∼ 0.1. Thus for an average gas density in a cluster like
Coma, n ∼ 3 × 10−4 cm−3, the γ-ray flux at 1 TeV is expected at the level of 10−12 erg cm−2 s−1 which is
comparable to the contribution of IC radiation of secondary electrons. In the case of harder spectra of protons
accelerated by non-linear shocks, the contribution of γ-rays from pp interactions is dramatically reduced and the
contribution of secondary pairs to γ-rays via IC scattering strongly dominates over γ-rays from pp interactions.
Correspondingly, the upper limits obtained at GeV and TeV energies by the Fermi-LAT and the Cherenkov
telescopes (Dutson et al., 2013; Aharonian et al., 2009; Aleksic et al., 2010) do not restrict the parameter space
for radiation of secondary electrons from interactions of ultrahigh energy cosmic rays with MBR.
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